ABSTRACT Sloshing cold fronts (CFs) arise from minor merger triggered gas sloshing. Their detailed structure depends on the properties of the intra-cluster medium (ICM): hydrodynamical simulations predict the CFs to be distorted by Kelvin-Helmholtz instabilities (KHIs), but aligned magnetic fields, viscosity, or thermal conduction can suppress the KHIs. Thus, observing the detailed structure of sloshing CFs can be used to constrain these ICM properties. Both smooth and distorted sloshing CFs have been observed, indicating that the KHI is suppressed in some clusters, but not in all. Consequently, we need to address at least some sloshing clusters individually before drawing general conclusions about the ICM properties. We present the first detailed attempt to constrain the ICM properties in a specific cluster from the structure of its sloshing CF. Proximity and brightness make the Virgo cluster an ideal target. We combine observations and Virgo-specific hydrodynamical sloshing simulations. Here we focus on a Spitzer-like temperature dependent viscosity as a mechanism to suppress the KHI, but discuss the alternative mechanisms in detail. We identify the CF at 90 kpc north and north-east of the Virgo center as the best location in the cluster to observe a possible KHI suppression. For viscosities 10% of the Spitzer value KHIs at this CF are suppressed. We describe in detail the observable signatures at low and high viscosities, i.e. in the presence or absence of KHIs. We find indications for a low ICM viscosity in archival XMM-Newton data and demonstrate the detectability of the predicted features in deep Chandra observations.
1. INTRODUCTION Viscous stresses and thermal conduction in the intracluster medium (ICM) of clusters of galaxies play a critical role in shaping the thermal structure of the cluster gas, in dissipating and redistributing the energy released by mergers and AGN outbursts, and controlling the feedback between the ICM and the AGN inside the Bondi radius. In general, the transport processes in the gas must play a key role in the formation of structure down to scales of galaxies and star formation.
The magnitude of the effective transport coefficients however is one of the longstanding and still unresolved questions. In an unmagnetized plasma, under the conditions of the ICM, both thermal conductivity and viscosity are large due to the strong temperature dependence ∝ T 5/2 (Spitzer 1956; Sarazin 1988) . For example, typical Reynolds numbers in the ICM are Re = 7 f 
for length scales of λ, velocities U , particle density n ICM and ICM temperature T ICM . In this equation we have included the suppression factor f µ to parametrize an unknown degree of suppression of the viscosity. For a full Spitzer viscosity we have f µ = 1. However, even weak magnetic fields strongly suppress diffusion of heat and eroediger@hs.uni-hamburg.de momentum perpendicular to the field, and tangled magnetic fields may lead to an overall suppression of conduction and viscosity. The degree of suppression depends on the magnetic field structure and could be moderate (f µ ∼ 0.3) or significant with f µ 1 (Narayan & Medvedev 2001) . The magnitude of the effective transport coefficients is relevant for numerous processes in galaxy clusters, e.g., the morphology and evolution of AGN inflated cavities (Reynolds et al. 2005; Kaiser et al. 2005) , the dissipation of AGN induced sound waves and thus balancing radiative cooling in cool cores (Fabian et al. 2005a) , and gas stripping from galaxies (Nulsen 1982) . On scales smaller than the coherence length, diffusion of energy and momentum should be anisotropic, preferentially along the field lines. This can in itself lead to interesting effects and new instabilities like the magneto-thermal instability and the heat flux driven buoyancy instability (e.g., Balbus & Reynolds 2010; Parrish et al. 2010; Kunz 2011; Kunz et al. 2012) . The relevance of these processes for different aspects of ICM physics is a topic currently being investigated by different groups.
There are many theoretical arguments regarding the magnitude of the effective ICM viscosity, but the observational evidence in the cluster ICM is controversial. For example, the coherent morphology of AGN cavities can be explained by a substantial ICM viscosity (Reynolds et al. 2005; Fabian et al. 2003) , but turbulence in cluster cores has been invoked as a mechanism to amplify tiny primordial magnetic fields to the values observed today (Ryu et al. 2011) , and to broaden the heavy ele-ment abundance peaks in cluster centers (Rebusco et al. 2005 (Rebusco et al. , 2006 Roediger et al. 2007 ). Several observations have been made to search for turbulence in the ICM. Xray studies of the ICM in the Coma cluster estimated the power spectrum of density fluctuations in the gas by measuring the spatial variation of the surface brightness fluctuations (Schuecker et al. 2004; Churazov et al. 2012) . Turbulence in the ICM is one possible origin of these fluctuations. Additionally, attempts to measure the turbulent velocity broadening of emission lines in clusters and early-type galaxies have been made with the XMMNewton RGS (Sanders et al. 2010) . Future high spectral resolution observations will allow us to constrain the velocity power spectrum of the ICM by measuring the centroids and widths of X-ray emission lines .
There are some places in galaxy clusters where we may directly witness the impact of the effective viscosity, cold fronts being one of them. Sloshing cold fronts (CFs) are density and temperature discontinuities in the ICM of galaxy clusters (see review by Markevitch & Vikhlinin 2007 , also for how they are distinguished from merger CFs). They are observed as arc-like edges in surface brightness, temperature and metallicity maps, wrapped around the cluster cores in spiral-like or staggered arclike patterns (e.g., Figs. 1 and 3 later in this paper). They are attributed to sloshing or oscillatory motions of the ICM inside the cluster potentials, triggered by a merger that was too weak to destroy the cluster core Ascasibar & Markevitch 2006) . Such sloshing CFs are commonly seen in clusters (Markevitch et al. 2003; Ghizzardi et al. 2010 ) and have been observed in detail in several clusters and groups (see Markevitch & Vikhlinin 2007 , Roediger et al. 2012b for lists of examples, also Sect. 6.3).
Sloshing CFs are accompanied by shear flows along them and thus should be subject to the Kelvin-Helmholtz instability (KHI), as confirmed by high resolution hydrodynamical simulations (ZuHone et al. 2010; Roediger et al. 2011 Roediger et al. , 2012b or Fig. 2 later in this paper). The growth of KHI modes above a critical wavelength is suppressed by gravity (Chandrasekhar 1961) . The presence of ∼ 10 to 50 kpc KHI modes in the hydrodynamical simulations demonstrates that this critical wavelength is sufficiently large to allow the growth of KHIs at observable length scales (the same can be derived analytically). Furthermore, KHIs can be suppressed at all wavelengths by sufficiently strong magnetic fields aligned with the fronts (Chandrasekhar 1961; Vikhlinin & Markevitch 2002; Keshet et al. 2010; ZuHone et al. 2011) , or at small wavelengths by a sufficiently strong viscosity. Consequently, the presence or absence of KHIs at sloshing CFs can be used to constrain these ICM properties. Examples of both smooth CFs and distorted ones, resembling the KHI, are known (see Sect. 6.3 for examples). While ZuHone et al. (2010 ZuHone et al. ( , 2011 ZuHone et al. ( , 2012 have studied the global impact of viscosity, magnetic fields and thermal conduction on the sloshing process, a detailed attempt to derive the ICM properties from the observed structure of sloshing CFs has not been performed yet. This is the aim of this and a series of forthcoming papers.
At a distance of only 17 Mpc (1 =80 pc) the Virgo cluster is the nearest galaxy cluster and can thus be observed with high resolution. The XMM-Newton mosaic -XMM-Newton MOS1+2 image of the ICM of the Virgo cluster, background subtracted and exposure corrected (0.5-3.0 keV band). M87 lies at the brightness peak. The sloshing cold front to the north (N) of the nucleus is denoted by the yellow arrows. It clearly continues to the north-west (NW) and somewhat more diffuse to the north-east (NE).
around M87 in the center of the Virgo cluster displays a sharp edge in surface brightness at 90 kpc north-west (NW) of the cluster core as shown in Fig. 1 . Using a subset of this data, Simionescu et al. (2010) demonstrated that this feature is a sloshing CF. A detailed analysis revealed a secondary and tertiary CF at 30 kpc and 20 kpc to the south-east and NW, respectively. Roediger et al. (2011) simulated ICM sloshing specifically for the Virgo cluster and inferred the most likely merger scenario from a detailed comparison to the observations. The proximity of Virgo, the high X-ray surface brightness and favorable merger geometry in the plane of the sky allow us to probe the shear flow interface with a spatial resolution of ∼100 pc.
We have re-simulated the gas sloshing in Virgo at high resolution, with different levels of ICM viscosity as described in Sect. 2. We demonstrate that even a viscosity of about 10% of the Spitzer value efficiently suppresses the KHI in Sect. 3, and compare the simulation results to an analytical estimate. Sect. 4 describes observable features at low and high viscosity. We report marginal evidence for a low ICM viscosity in the existing shallow XMM-Newton observation (Section 5.1) of the Virgo cluster CF. We demonstrate that the presence or absence of KHIs can be detected with deep Chandra observations. We discuss features which could be detected with very deep observations with either Chandra or future telescopes (Section 5.3). We discuss model uncertainties, alternative KHI suppression mechanisms, and briefly compare to other CF clusters in Sect. 6. Section 7 summarizes our results.
2. METHOD We perform idealized minor merger simulations where a gas free subcluster of 2 × 10 13 M moved through the Virgo cluster from west to east, passing 100 kpc south of the cluster core 1.7 Gyr ago. Roediger et al. (2011) inferred this merger configuration as the most likely one from a detailed comparison of observed and simulated CF properties including orientation, distance to the cluster center, and contrasts in brightness and temperature across the fronts. Our simulations use the FLASH code (version 3.3, Dubey et al. 2009 ) and utilize the same method and initial conditions as described in Roediger et al. (2011) unless stated otherwise.
Resolution
We resolve the cluster core with a grid cell size of 0.5 kpc out to 110 kpc from the cluster center. The FLASH code captures the growth of the KHI even at a resolution of 16 grid cells per perturbation scale length (Roediger et al., in preparation, also Fig. 11 in the Appendix), hence we can resolve modes down to 8 kpc. We performed the same simulations at a coarser resolution of 1 kpc and found consistent results, but present the higher resolution results here. Further snapshots of a resolution test in the inviscid case can be found in Fig. A1 of Roediger et al. (2011) . Convergence is to be expected for simulations at high viscosity, because viscosity damps the instability at small wavelengths first. Thus, as long as the smallest unstable wavelength is resolved, increasing the resolution does not bring any new insights. At zero viscosity the simulations cannot formally converge, because the KHI grows fastest at small wavelengths. However, in the presence of multi-wavelength perturbations the largest modes which had sufficient time to grow dominate the visual appearance of a KH unstable interface. The presence of smaller modes may add to the widening of the interface, which is captured in our simulations. Hence, our simulations sufficiently resolve the observable features. Naturally, the exact patterns of individual KH rolls will depend on the details of the seeding, which is inaccessible in any case.
Viscosity
We include a temperature-dependent dynamic viscosity µ = 5500 g cm (Sarazin 1988 , assuming a Coulomb logarithm of 40), where we parametrize the unknown level of viscosity suppression by the suppression factor f µ . Here our simulations differ from the ones presented by ZuHone et al. (2010) , who used a constant viscosity throughout the cluster. This may overestimate how effectively viscosity suppresses the KHI because it neglects the lower viscosity on the cooler side of the CF that would apply for a Spitzer-type viscosity. As pointed out above, the nature of the effective ICM viscosity is still unknown, and both models are valuable. In fact, the choice of ZuHone et al. (2010) was optimal for the focus of their work, which was to demonstrate the inability of viscous gas sloshing to prevent cooling flows, even in the presence of the highest reasonable viscosity. Using a temperature dependent viscosity provides a more stringent test of its ability to suppress the KHI, since having a lower viscosity on the cool side of the CF reduces viscous suppression of the KHI. Thus, this model is the better choice for our current purpose. Moreover, the Virgo cluster is much cooler than the cluster studied by ZuHone et al. (2010) , which might further reduce its effectiveness at suppressing KHI.
A full Spitzer thermal conductivity would erase temperature discontinuities rapidly: at a temperature of 3 keV and density of 3 × 10 −3 cm −3 , the conduction timescale for temperature gradients with scale lengths of 3 kpc, i.e. across the fronts, is about 0.3 Myr (Sarazin 1988) , much shorter than the age of CFs. Even if ordered magnetic fields prohibit the conduction directly across the fronts, ZuHone et al. (2012) have shown that full Spitzer conductivity still erases the temperature discontinuity at the CFs in a few hundred Myr. The presence of temperature discontinuities at the observed CFs implies strongly suppressed thermal conduction, hence we neglect it.
KHI seeding
The KHI needs seeds, initial perturbations, to grow. In contrast to earlier work we do not rely on seeding by the discretization of the computational grid, but introduce intentional seeds by repeatedly adding small perturbations in the north-south velocity every 100 Myr, from pericenter passage on. The perturbation velocity is a superposition of sinusoidal waves of wave lengths 40, 20, 10, . . . , 1.25 kpc with a total amplitude of 10 km s −1 at the first perturbation event. The amplitude is constant with wavelength. The amplitude decreases linearly at subsequent perturbation events such that the perturbation is zero at 2 Gyr after pericenter passage. In this manner, we introduce a perturbation of a few percent or less of the typical shear velocity at each perturbation event, but keep the total perturbation velocity well below the shear velocity. Perturbations of this level or higher can arise e.g. from ICM turbulence due to AGN activity or the motion of galaxies (Roediger & Brüggen 2008; Vazza et al. 2012 ). While our perturbations are highly idealized in their power spectrum and direction, they serve the purpose as seeds for the KHI.
Simulation runs
We simulate the merger history from 1 Gyr prior to pericenter passage to the fiducial time at 1.7 Gyr after the pericenter passage for the low viscosity case of f µ = 10 −3 . Here KHIs occur from 0.5 Gyr after the pericenter passage on. We re-simulate the final 0.5 Gyr, i.e. from 1.2 Gyr after the pericenter passage on, at higher viscosity with f µ = 0.01 and 0.1. Besides reducing computational expenses, this procedure poses a more stringent test on the ability of the viscosity to suppress KHIs because the instability is clearly developed at 1.2 Gyr. Additionally, we performed an inviscid control run. 
, i.e. for Reynolds numbers smaller than ∼ 10 for moderate density contrasts of around 2 (Roediger et al. 2012a) . The shear velocity and the perturbation length scale enter the Reynolds number as the relevant velocity and length scale (Eqn. 1). This agrees with the general physical expectation that viscous forces are equally important to inertial forces at a Reynolds number around 1. Thus for a ratio of 2 between the density on the cold side of the northern front, ρ cold , and that on the hot side of the front, ρ hot , in Virgo, a full Spitzer viscosity should affect perturbations of length scales smaller than ∼ 10 kpc. Figure 2 demonstrates the effect of the viscosity in the simulations. It displays temperature slices in the orbital plane at the final timestep for f µ = 0, 10 −3 , 0.01 and 0.1 from top to bottom. At a viscosity f µ ≤ 10 −3 , all CFs are clearly distorted and made ragged by the KHI. With increasing viscosity, the fronts become less ragged, and structures at progressively larger scales are suppressed. Interestingly, even the small physical viscosity of 10
Spitzer erases some of the smallest perturbations present in the inviscid simulation. Finally, the fronts are almost completely smooth in the high viscosity case (f µ = 0.1) except for two large KH rolls separated by ∼ 40 kpc along the SW, where the shear flow is strongest (∼ 500 km s −1 ). Distortions at smaller length scales though are absent at high viscosity at this location as well, whereas smaller distortions are present at this location at lower viscosity.
Our simulations demonstrate that the viscosity is more efficient in suppressing the KHI than expected from the linear analysis. There are several reasons for this difference: the growth time is derived from the linear stability analysis. The effect of the viscosity is to reduce shear velocities, which applies to the flow parallel to the interface as well as the velocity perturbation in the perpendicular direction. Thus, while the linear analysis predicts only a slowed growth of the KHI, but still a growth, at longer timescales viscosity should shut off the growth completely and thus be more efficient than expected. We demonstrate this behavior analytically and numerically in a separate publication (Roediger et al., in preparation) . Furthermore, the sloshing CFs are curved interfaces embedded in a background gravitational potential and a stratified atmosphere, whereas the analytic estimate assumes a planar interface, no stratification and no gravity. The gravity at the northern CF suppresses KHIs at wavelengths above ∼ 50 kpc and will thus slow down the growth of instabilities at somewhat smaller wavelengths, i.e. the wavelengths seen in the simulations. Finally, the sloshing CFs are special contact discontinuities that are continuously reformed by the sloshing process, which interacts with the KHI and may modify its growth at long timescales. For example, the outwards motion of the CF stretches the relevant wavelengths, which reduces the growth rate and amplitude (Churazov & Inogamov 2004) .
OBSERVABLE FEATURES
4.1. X-ray images We calculate synthetic X-ray images by projecting n 2 ICM Λ(T ICM ) along the line-of-sight (LOS), where Λ(T ) is the cooling function according to Sutherland & Dopita (1993) and we assume a metallicity of 0.3 solar. Figure 3 displays the predicted X-ray images for the viscosity suppression factors f µ = 10 −3 and f µ = 0.1. We will refer to these two viscosities as low and high viscosity, respectively.
As the inner CFs are likely to be distorted by the AGN activity in the Virgo cluster center (Forman et al. 2007 ), we focus on the structure of the outer northern front. The shear flow along this front is weakest in the NW, leading to a smooth, sharp front in the NW independent of viscosity. Along the north (N) and the east of the front the shear flow is stronger (∼ 300 km s −1 ) and forms distinct structures depending on the viscosity (Fig. 3) . At high viscosity, the front forms a smooth arc here as well, -Temperature slices in the orbital plane at the final timestep, for Spitzer-type, i.e. temperature dependent, viscosities with suppression factors fµ = 0, 10 −3 , 0.01 and 0.1 from top to bottom. Increasing the viscosity erases progressively larger substructure along the fronts. We have oriented the images such that they compare to the situation observed in Virgo, i.e. north is up and west is right (see Roediger et al. 2011 for details).
but it is ragged at low viscosity. Individual KH rolls at ∼ 15 kpc size can be identified as triangular-shaped irregularities. They give the front a saw tooth like appearance. A further characteristic pattern is multiple adjacent brightness edges with a spacing of about 5 kpc parallel to the main front. We have labelled these features in the zoom-in in the top panel in Fig. 3 . 
Brightness profiles
Even though the CFs are discontinuities in density and temperature, they do not lead to true discontinuities in surface brightness, but in its slope. The X-ray brightness profile of a spherical cloud with a power-law density profile can be approximated by S X (d) ∝ √ −d near its edge ). In our notation, the coordinate d increases with increasing distance from the cluster center and is defined to be zero at the CF, i.e., −d is the distance to the projected edge measured inwards. The minus-sign is required because the brightness decreases with increasing distance to the center. Figure 4 compares brightness profiles across the CF towards the north-east (NE) for low and high viscosity. We extract profiles in narrow, 5 o wedges, corresponding to a width of 9 kpc along the front, and for a wide wedge of 60 o (see top panel in Fig. 4 ). The vertex of the wedges is not the cluster center, but we aligned the annuli of the wide wedge with the CF. While this makes the detailed interpretation of the profiles more difficult in terms of assumed geometry, this choice optimizes the sharpness of the edge in the profiles, which is the main purpose here. In all cases the CF appears as a steeper slope in the brightness profiles. We fit the profiles within 15 kpc around the edge with the expected broken power-law profile. More precisely, we allow the position of the edge d CF to be a free parameter by working in the offset coordinate x = d + d CF along the profile, and include a linear background profile outside the CF:
The amplitude of the jump A 0 , the position of the edge d CF , the background brightness S 0 , and the slope of the background profile m are free parameters. We have performed the same exercise for profiles towards the NW (not shown here), where the CF appears undistorted in the surface brightness images, and find good agreement with the expected √ −d shape. In the high viscosity case, profiles across the NE edge agree well with this expectation as well (Fig. 4) . In the low-viscosity case, however, profiles across the ragged NE edge show a distinct deviation from the √ −d profile. The slope at the edge is shallower, the edge appears washed or blurred out. In many of the narrow wedges, the profiles display multiple edges, corresponding to the multiple adjacent fronts seen in the image.
CURRENT AND FUTURE OBSERVATIONS
5.1. Evidence for KHIs in existing data The northern CF in the Virgo cluster, as evident in the XMM-Newton mosaic around M87, is highlighted by arrows in Fig. 1 . While this CF appears sharpest, i.e. has the steepest brightness gradient, in the N-NW, it continues in a somewhat diffuse manner to the NE (see also brightness residual map in Fig. 1 in Roediger et al. 2011 ). This matches the predictions of our simulations at low viscosity. Due to the absence of a shear flow along the NW, the CF should be sharp here. Along the N and NE, our simulations show a stronger shear flow and consequently KHIs at low viscosity. In this shallow XMMNewton observation, individual KH rolls cannot be detected, nor their absence confirmed, because of several factors. These include the broad-winged PSF of XMMNewton, the limited counting statistics of the data (6.5 ks of good time for the PN camera after flare filtering in this region of the CF), and the complex non-uniform detector response and background.
To quantitatively confirm the visual impression of the smeared-out front in the NE we extracted surface brightness profiles from the archival XMM-Newton data across the CF both in the NW and the NE. Background was estimated using the dark sky background files, and the ODF files were reprocessed to incorporate the most up to date calibration data and filtered for periods of high background. We chose profile wedges which cover about 5 arcmin (24 kpc) along the CF and carefully aligned the annuli of these wedges with the CF such that the radius of curvature of the sector matched that of the CF. The profiles are shown in Fig. 5 . In the NW, the brightness profile exhibits a steep rise as expected for an underlying density discontinuity. In the NE, however, the brightness rises less sharply, indicating a smeared out front as expected for a low ICM viscosity. A similar apparent smearing may arise from a mis-alignment of the profile annuli with the front. We experimented with different extraction regions and could not get a sharper edge in the NE than shown in Fig. 5 . Hence, the blurred CF in the NE suggests the presence of KHIs and thus strongly suppressed viscosity in the ICM. Individual KH rolls may be visible in a deep Chandra observation.
Our simulated X-ray images exhibit two prominent KH rolls in the SW of the cluster core at both high and low viscosity. If present in this evolutionary stage, they might be detectable in the current XMM-Newton image. However, the exact shape and height of the KH rolls depends on the details of their seeding, which includes a full turbulent spectrum and perturbations from the central AGN outbursts in the real Virgo cluster, which is more complex than in our simulations. Furthermore, the rolls are less clear at a somewhat less optimal orientation of the LOS with respect to the merger plane. Thus, the basic prediction of the simulations is that the CF in the SW is especially susceptible to the KHI, and the XMMNewton image indeed shows a less sharp front in this region. We note that these large KH rolls appear less clear in the X-ray images at low viscosity, because their borders are washed out by smaller-scale instabilities. At a viscosity of 0.1 Spitzer, these rolls appear much clearer and might be visible in the shallow XMM-Newton data, but they are not. Instead, the CF in the SW simply appears blurred out over ∼ 20 kpc, as would be expected at low Virgo ICM viscosity. Thus, the structure of both the NE and the SW fronts suggests a strongly suppressed ICM viscosity.
Detectability of Kelvin-Helmholtz Instabilities in
deep Chandra observations 5.2.1. Direct imaging -Simulated X-ray images of the northern sloshing CF in the Virgo cluster at different viscosities. The top and bottom rows are for low and high viscosity (10 −3 and 0.1 of the Spitzer value), respectively. The left-hand-side column shows noiseless images, in the right-hand-side column we added a random Poisson deviate to match the surface brightness and noise level of a simulated 300 ks Chandra/ACIS-I observation. The structure of the CF differs between low and high viscosity. The KHIs can be clearly seen in the former case (see labels), in both the ideal and in the noisy image.
The left panels in Fig. 6 show the direct comparison of surface brightness images at high and low viscosity along the northern sloshing CF of the simulated Virgo cluster, i.e. a smooth front in the high viscosity case and a ragged front at low viscosity. This field of view corresponds to two ACIS-I pointings of the Chandra X-ray observatory.
To evaluate the detectability of these structures in real observations, we match the count density in the simulated images to the surface brightness measured for the Virgo cluster CF in the XMM-Newton exposure. Using PIMMS, we scale it to a 300 ks Chandra/ACIS-I observation. With this exposure time, there will be ∼100 source counts per 0.5 kpc×0.5 kpc pixel (6 ×6 ) just behind the CF. A random Poisson deviate is then added to each 0.5 kpc×0.5 kpc pixel to simulate the noise of a real observation. The resulting noisy images are shown in the right column of Fig. 6 . We neglect background in these idealized simulations, because the count rate from the background is <10% of the rate from the gas inside the cold front and thus insignificant.
The KH rolls in the low viscosity case are clearly visible in the data with the random deviate added, and they are again absent in the high viscosity case. The KH rolls span spatial scales of several kpc. The variations in surface brightness due to the KH rolls in the low viscosity simulation are as large as ∼20%. There are ∼4000 counts in a 5 kpc × 2 kpc region behind the cold front in the simulated Chandra image. Thus we could in principle detect variations in surface brightness of ∼5% at 3σ confidence with a real observation. The KH rolls on scales of a few kpc, if present, would be easily detectable at more than 10σ confidence in such a deep Chandra observation. Additionally, we could observe KH rolls on smaller scales at lower significance. Twenty percent variations of surface brightness could be detected at 4σ confidence in 1 kpc×1 kpc scale regions.
Profiles
To further demonstrate the detectability of the KH rolls in the simulated data, we extracted surface brightness profiles across the CF in 1.5
• wedges in both data sets with the random Poisson deviate added. Two examples are shown in Fig. 7 . We follow the classic observational data analysis strategy and fix the vertices of the wedges at the cluster center. The wedge opening angle of 1.5
• corresponds to a linear distance of 2.5 kpc or 0.5 arcmin at the CF and is thus much narrower than in our analysis of the XMM-Newton data. Despite the added Poisson noise the predicted multiple edges in the low viscosity case can be clearly detected and are marked by vertical lines. The spacing between the surface brightness edges (i.e. the spacing between the vertical lines -3 to 4 kpc) is roughly the height of the KH rolls. The height of these rolls is typically a third or half of the scale length of the KH rolls. Thus the edges spaced roughly 4 kpc apart in the low viscosity profile signify KHI scale lengths of ∼10 kpc. The presence of these edges in a real observation would immediately give the typical scale length of KH rolls, and these rolls should be present if ν ICM ν Spitzer . In contrast, the surface brightness profile of the high viscosity simulation can be well described with a single power law with no evidence of an edge or change in slope inside the contact discontinuity of the CF.
Statistical characterization
At low viscosity, there is a wealth of structure inside the CF. We created the power spectral density (PSD) function of the emission behind the CF in both cases to search for a signature in the Fourier domain of the spatial scales where the KH rolls are present. The PSD is indeed larger in the low viscosity simulation on scales where the KH rolls are present, but we could not di- rectly recover the spatial scales at which the KHIs were induced. We can confirm the presence of the KH rolls using the PSD, but we do not expect to be able to extract the specific spatial scales of the KH rolls in Fourier space. As an alternative, we produced brightness profiles along the CF and derived their 1D power spectra. In a narrow annulus along the CF the KH rolls appear as ripples in the azimuthal profile. To collect a sufficient number of counts, the annulus needs a certain width, but increasing the width of the annulus tends to average out the surface brightness wriggles due to the sawtooth pattern of the KH rolls. As a consequence, the 1D power spectrum analysis does not reveal more information than can be obtained by visual inspection of the images. The Fourier space analysis is generally better suited for (quasi-)periodic signals, but we have only a few KH rolls in the simulated ACIS-I image.
Structures in very deep observations
The differences between high and low viscosity sloshing are more clearly demonstrated using an edge detection algorithm. We applied a Sobel filter, a discrete differentiation operator often used for edge detection, to both simulated surface brightness images as shown in Fig. 8 . These filtered images were created using the raw (i.e., noiseless) simulated image and represent very deep observations by Chandra or a future large area, low background X-ray observatory where the noise from counting statistics is small. There are several features of note. First, the sloshing cold front is a sharp, continuous arc in the high viscosity simulation, whereas the CF is distorted in the low viscosity case. The approximate scales of the KHIs can be clearly seen in the filtered, low viscosity image. Second, the flow of the gas interior to the CF in the low viscosity case is turbulent, evident from the wealth of structure inside the cold front. Even in the presence of significant Poisson noise, these surface brightness fluctuations may be detectable in the power spectral density of fluctuations of the surface brightness in this region.
6. DISCUSSION 6.1. Model uncertainties In this section, the impacts of various assumptions on the conclusions are discussed.
Merger history
The cluster model and the assumed merger history determine the dynamical parameters relevant for the growth of the KHI at the CFs, namely the local density, temperature, their contrasts across the front, and the amplitude of the shear velocity. The density, temperature and their contrasts across the CF are constrained observationally and matched in our simulation, hence these quantities are sufficiently accurate. The amplitude of shear velocity will depend somewhat on the merger strength. However, our results regarding the growth or suppression of the KHI are not sensitive to the exact shear velocity within a factor of 1.5. The shear velocity is unlikely to be outside this interval, because this implies either a much stronger or much weaker merger. The former would lead to larger contrasts of brightness and temperature across the fronts than observed and an overall front distortion of the sloshing structure. The latter would lead to too weak contrasts or even the absence of a true discontinuity at the northern front (Roediger et al. 2011 ). Neither case is observed. Moreover, a viscosity of only 0.1 of the Spitzer value suppressed the KHI along the northern CF in our fiducial merger. A full Spitzer viscosity will certainly suppress the KHI in a moderately stronger merger. Hence our conclusions are little affected by uncertainties in the merger history.
Line-of-sight (LOS)
For our analysis we have assumed a favorable LOS, i.e. perpendicular to the orbital plane. The spiral-like appearance of the Virgo CFs favors a LOS close to this configuration. To test the dependence of the reported features on the merger geometry we have produced synthetic X-ray images for different LOSs. To enhance the relevant features, we have converted the X-ray images into brightness residual maps by dividing each image by its azimuthal average. The resulting residual maps are shown in Figs. 9 and 10. The high and low viscosity case differ clearly for all LOSs. At high viscosity, the outer CF always appears as a smooth arc with a sharp edge, whereas the edge is blurred out by the KHI at low viscosity, and the CF appears ragged and fuzzy. However, if the merger is close to the plane of the sky, the front in the NW is sharp, even at low viscosity. The fact that the observed northern front in Virgo shows a rather sharp edge in the NW supports the conclusion that the merger in Virgo occurred almost in the plane of the sky, as suggested by the morphology of the brightness residual maps. In this case, the best location to study the difference between existing and suppressed KHIs will be the front between N and NE, not in the NW.
Resolution and seeding
At zero viscosity and with ever increasing resolution, the simulations should show progressively smaller KHIs. Naively, one might expect the KHIs to fully smooth out the CF. However, the presence of KH rolls at a given timestep depends on the seeds that have been available as well. A full parameter study on this subject is beyond the scope of this paper, but we stress that e.g. in clouds in the Earth's atmosphere, KH rolls of different wave lengths can be observed simultaneously without the cloud boundary being fully blurred out. In our simulations we simultaneously observe KH rolls of length scales differing by a factor of a few as well. Hence we conclude that individual KH rolls may be observable with sufficient spatial resolution. Moreover, a blurring out of the CF edge should be clearly detectable in the brightness profiles as shown above.
Simplification of viscosity
Our simulations describe the momentum diffusion in the ICM with an effective viscosity that includes the expected Spitzer temperature dependence. Nature may be more complex than this. The effective ICM viscosity on scales of 0.1 kpc arises from a complicated interplay of the plasma with the magnetic field. Various processes, e.g. the gas sloshing itself, impact the amplitude and geometry of the magnetic fields in the cluster core, and the effective viscosity could vary spatially and temporally. Furthermore, due to the tiny electron and proton gyroradii, the transport of heat and momentum perpendicular to the magnetic field lines is expected to be strongly, but not necessarily fully, suppressed. This should lead to anisotropic heat and momentum transport preferentially along the field lines. We discuss the effect of magnetic fields and thermal conduction on the KHIs at the CF in the next subsection, here we discuss the implications of a possibly more complex nature of viscosity.
In the anisotropic case, perturbations perpendicular to the magnetic field lines can be unstable. The instabilities are only suppressed along the field lines. In a tangled field geometry, however, the suppression of the instabilities is mostly isotropic. Dong & Stone (2009) demonstrated these effects for buoyant cavities in the ICM. Thus, the effective viscosity relevant for the sloshing CFs will depend on the field geometry. Simulations of MHD sloshing (ZuHone et al. 2011 ) demonstrated that sloshing does not fully erase the field tangling. Moreover, the ordered component of the magnetic fields would be preferentially aligned with the CFs. Given the merger geometry in Virgo, we expect the ordered magnetic fields mostly in the plane of the sky. Consequently, we would observe mostly the KHI modes along the magnetic field lines, and our conclusions regarding the ability of the viscosity to suppress the observable KHIs should remain valid.
The variations in local magnetic field structure could vary the local effective viscosity, and we need to consider to what extent the effective viscosity inferred at the CFs is representative for the ICM as a whole. The simulations of ZuHone et al. (2011) indicate that the field amplification is not restricted to a narrow layer close to the fronts, but seems to extend throughout the core region. Therefore the effective viscosity inferred from the CF structure may be representative for the entire cluster core region. The relation of the viscosity inferred at the CF to the viscosity of the ICM well outside the sloshing region may differ, however. The mock X-ray images are divided by their azimuthally averaged image. The left column shows the low viscosity case, the right column the high viscosity case. The top row is for the LOS perpendicular to the merger plane. In the subsequent rows the angle between the LOS and the normal to the orbital plane is 30, 60, and 90 degree. The rotation is around the vertical, i.e. N-S axis. For rotation around the E-W axis see Fig. 10 . At high viscosity, the outer CF appears as a smooth arc with a sharp edge, whereas the CF appears ragged and fuzzy at low viscosity. While this statement is true for all LOSs, the overall morphology of the observed brightness residuals in Virgo agree with the top two rows only (compare to Fig. 1 in Roediger et al. 2011) . 6.2. Alternative processes suppressing the KHI Apart from an effective viscosity, aligned magnetic fields or thermal conduction may lead to a suppression of the KHI at CFs. We discuss to what extent these processes can be distinguished observationally.
Magnetic fields aligned with the cold fronts
Sufficiently strong magnetic fields parallel to the shear flow interface suppress the KHI (Chandrasekhar 1961) . Strongly magnetized magnetic draping layers have been shown to form along merger cold fronts, i.e. along the leading edges of subclusters or galaxies moving through the magnetized ICM of their host clusters (Lyutikov 2006; Dursi & Pfrommer 2008 , see Vikhlinin & Markevitch 2002 for an application to the merger CF in Abell 3667). Such merger CFs are the contact discontinuities between the cooler atmosphere of the subcluster or galaxy and the hotter ICM of the host cluster.
At first glance one might expect that a similar magnetic draping layer forms at sloshing cold fronts as well, and could suppress the KHI. However, the mechanism that forms sloshing CFs is fundamentally different from the one responsible for the merger CFs. It is not related to a body moving through an ambient gas, but it is a nonlinear wave phenomenon of the ICM in the cluster potential (Nulsen & Roediger, in prep.) . As a consequence, gas sloshing leads to magnetic field patterns significantly different from the draping layers at the merger CFs. Sloshing of a magnetized ICM leads to an amplified and ordered magnetic field on the inside, the colder side, of the sloshing CFs, not on the outer and hotter side (see MHD simulations of ZuHone et al. 2011) . The amplification and "combing" of the field is not restricted to thin layers near the front, but layers of amplified fields can be found at the CFs and elsewhere on their inside. These layers are not necessarily thin, but can be tens of kpc wide. The draping layers at the merger CFs finally saturate at equipartition with the thermal pressure, but the sloshing-amplified magnetic field strength depends on the assumed initial field strength. While the average field strength throughout the cluster core has a somewhat weaker dependence on the initial strength, the field strength directly at the CFs is sensitive to the initial strength (ZuHone et al. 2011) . Consequently, the ability of the amplified field to suppress the growth of the KHI depends on the initial magnetic field strength, and only the strongest plausible initial magnetic field reached amplifications sufficient to suppress the KHI, which is especially true for the outer CFs. ZuHone et al. (2011) emphasized that their simulations demonstrated the ability of observationally plausible magnetic fields to suppress the KHI at sloshing CFs. We would suggest a somewhat different interpretation of their simulation results: Given that only the strongest plausible fields clearly suppressed the KHI, which is especially true for the outer CFs, this indicates that observed magnetic field strengths in clusters are in a range where they may or may not be able to suppress the KHIs at sloshing CFs. The answer may differ from cluster to cluster, and indeed both smooth and ragged CFs are observed (see Sect. 6.3) . A detailed investigation of individual clusters is required, where the actual merger history, and thus dynamical ICM properties, as well as the magnetic field strengths are observationally constrained.
Observations show both ragged and smooth CFs (see Sect. 6.3). In the case of smooth CFs, it would be helpful if we could distinguish whether the suppression of the KHIs occurred by viscosity or amplified magnetic fields. If a thin layer of magnetic fields aligned with the CF suppresses the KHI, the field strength in this layer needs to exceed about 10% of the thermal pressure in this layer (Vikhlinin & Markevitch 2002) , which results in an approximately 20% surface brightness depression, which could be detected in deep observations. However, the sloshing-amplified fields do not have a simple draping layer geometry, but the amplified layers may be rather wide and extend far below the CFs. Consequently, the resulting reductions in thermal ICM pressure would not be localized at the CF, but the reduction would be gradual from the CF inwards, and it may be challenging to recognize the presence of this gradual reduction in thermal ICM pressure profiles. However, the simulations of ZuHone et al. (2011) suggest that sloshing forms multiple layers, streaks of amplified magnetic fields below the CFs. Their magnetic pressure leads to corresponding streaks of reduced ICM density that should be detectable as ripples in surface brightness. It will be interesting to compare not only the structure at the CFs, but also below the CFs in order to distinguish the cases of high viscosity and amplified aligned magnetic fields. Additionally, a significantly amplified field over the whole cluster core may well give rise to radio synchrotron emission and thus radio minihalos, as suggested by Mazzotta & Giacintucci (2008) and shown by ZuHone et al. (2011) . It will be interesting to investigate the correlation between the presence of radio minihalos and the smoothness of sloshing CFs.
Magnetic fields and anisotropic viscosity
It will be interesting to study the combined effect of magnetic fields and (anisotropic) viscosity, because they have opposite effects and mutual dependencies. In the standard picture, zero magnetic fields imply a high viscosity, and thus sharp CFs that form smooth arcs. Increasing the magnetic field strength is expected to reduce the effective viscosity on the one hand, thus permitting KHIs larger than a certain wavelength. Thus, as a first effect, the presence of magnetic fields facilitates the growth of KHIs. This could be observed as a ragged structure of the CF arc, and the density and brightness jump being washed out. The instabilities create turbulence and may tangle and amplify the fields, reducing the effective viscosity further. However, once the magnetic fields are strong enough, they may, themselves, suppress the growth of the KHI. Their effect on the ICM density and temperature structure should be very similar to the viscous suppression of the KHI, but the enhanced magnetic fields may be revealed by the radio minihalos.
6.2.3. Thermal conduction Xiang et al. (2007) discuss the impact of thermal conduction on merger CFs. Given that the formation mechanism of merger and sloshing CFs differs, the direct application of their results to sloshing CFs is unclear. ZuHone et al. (2012) presented MHD simulations of gas sloshing and included an anisotropic thermal conduction, where conduction was fully or strongly suppressed perpendicular to the magnetic field lines. The sloshing leads to an approximate alignment of the magnetic fields with the fronts, but the cool regions below the fronts are still connected with hotter regions above the fronts, and full Spitzer conduction along the field lines has a significant impact on the CFs. The temperature and density contrasts are strongly reduced, and the fronts are less sharp, the discontinuity is washed out. The resulting finite width of the interface suppresses KHIs of perturbation length scales about several times as long as the interface width (Chandrasekhar 1961) .
In contrast to viscosity, thermal conduction widens the temperature and density discontinuity, whereas viscosity widens the discontinuity in shear velocity. This leads to a characteristic difference in the CF structure: Thermal conduction should lead to CFs free of KHI below a certain wavelength, but a washed out discontinuity in density and temperature, i.e. the edge will not be sharp in either of these two quantities. Viscosity, on the other hand, will lead to a smooth-arc CF as well, but a sharp one, as neither the density nor the temperature discontinuity are washed out. The presence of KHIs leads to an apparently washed-out CF in surface brightness as well, but in this case, individual KH rolls may be identifiable. Moreover, the cold gas dominates the emission measure in the mixing layer induced by the KHIs, and we expect a steep jump in projected temperature across the front. In contrast, thermal conduction truly washes out the temperature jump, leading to a different profile in projected temperature across the front.
If either thermal conduction or viscosity suppresses the KHI not fully but only below an observable length scale, KH rolls of larger length should be recognizable. As just mentioned, if viscosity suppresses the small KHIs, individual stretches of the CF shorter than the limiting length scale should appear as sharp edges, and the existing, larger KH rolls may be very pronounced (see the big KH rolls in the SW of the simulated Virgo cluster in Fig. 3 ). In the case thermal conduction suppresses the small-scale KHIs, the simulations of ZuHone et al. (2012) indicate that short stretches of the CF should not be sharp but be washed out.
The CF structure resulting from the combined effect of thermal conduction and viscosity has yet to be determined.
Comparison to other clusters
The detailed structure of sloshing CFs differs between clusters. In some clusters they appear as smooth arcs within the observational resolution, e.g. Abell 2142 (Markevitch et al. 2000; Owers et al. 2009 ) and Abell 2204 (Sanders et al. 2009 ). The interpretation of the structure of the sloshing CFs in Perseus (Fabian et al. 2006) and Centaurus (Fabian et al. 2005b ) is complicated by interference of AGN activity. However, the CFs in Abell 496 (Dupke et al. 2007 ) have a distinct boxy or even concave appearance that resembles KH rolls (Roediger et al. 2012b) . The CF towards the west is a doublet similar to the multiple adjacent edges reported here. The northern CF seems to curve around in the NE, but becomes washed out in the east. The sloshing CFs in the group-group merger NGC 7618/UGC 12491 display a triangular-shaped nose and wings reminiscent of KH rolls shown in Fig. 3 (Roediger et al. 2012a) . We note that a significant fraction of the observed cold fronts in cluster cores are not shaped like the long arcs in spiral or staggered arrangements predicted by numerical simulations, but several clusters exhibit only short stretches of clear cold fronts. It will be interesting to revisit the observational data and attempt to distinguish whether this is due to the orientation of the merger with respect to our LOS, an intrinsic ellipticity of the cluster or a washing out of the CFs by instabilities.
7. SUMMARY In this paper we present the first detailed attempt to constrain the effective viscosity of the ICM from the presence or absence of KHIs at sloshing CFs. We focussed on the Virgo cluster for its proximity, brightness and favorable merger geometry. We performed viscous hydrodynamical simulations tailored for the Virgo cluster, compared them to existing XMM-Newton observations and made predictions for future deep Chandra observations. Our key results are:
• At the Virgo cluster cold fronts, a viscosity of 10% of the Spitzer value suppresses the KHI for scales below tens of kpc. In contrast, the KHI occurs at ∼ 15 kpc scales at viscosities below 1% of the Spitzer value (Fig. 2 ).
• We identify the outer CF at ∼ 90 kpc to the north and north-east of the Virgo center as the best target for distinguishing different viscosities observationally, because this front is not disturbed by nuclear outbursts of M87, and it is subject to a sufficient shear flow which potentially induces the KHI.
• Our simulations predict observationally distinguishable structures at this CF: at viscosities of 10% of the Spitzer value, the KHI is suppressed along the northern CF, it appears as a smooth arc (bottom panel of Fig. 3 ). Surface brightness profiles across the front are consistent with a sharp density discontinuity (bottom panel of Fig. 7) . At viscosities 1% of the Spitzer value, the front has a ragged, sawtooth-like appearance (top panel of Fig. 3 ). Individual KH rolls at ∼ 15 kpc size can be identified, and the front splits up into multiple, adjacent brightness edges. Surface brightness profiles across the front are shallower than expected for a density discontinuity, i.e. the discontinuity appears blurred out. Profiles in narrow wedges show multiple jumps arising from individual KH rolls (top panel of Fig. 7) .
• We re-analyze archival XMM-Newton data for corresponding signatures. The northern cold front appears to be less sharp in the north-east than in the north-west (Fig. 5) , indicating a blurring out of the discontinuity in the north-east by KHIs and thus a low ICM viscosity. Due to low count statistics and the non-uniform detector response these data do not allow the detection of individual KH rolls.
• A 300 ks Chandra observation of the north-eastern front would confirm the presence or absence of KHIs both in images (Fig. 6 ) and in profiles across the front (Fig. 7) and thus constrain the effective ICM viscosity.
• We discuss in detail the differences in KHI suppression by viscosity, magnetic fields and thermal conduction, and how these processes can be distinguished observationally. ACKNOWLEDGMENTS E.R. acknowledges support by the Priority Programmes 1177 ("Witnesses of Cosmic History") and 1573
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